Herpesvirus saimiri (HVS) is the prototype gamma-2 herpesvirus, which naturally infects the squirrel monkey Saimiri sciureus, causing an asymptomatic but persistent infection. The latent phase of gamma-2 herpesviruses is characterized by their ability to persist in a dividing cell population while expressing a limited subset of latency-associated genes. In HVS only three genes, open reading frame 71 (ORF71), ORF72, and ORF73, are expressed from a polycistronic mRNA. ORF73 has been shown to be the only gene essential for HVS episomal maintenance and can therefore be functionally compared to the human gammaherpesvirus latency-associated proteins, EBNA-1 and Kaposi's sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen (LANA). HVS ORF73 is the positional homologue of KSHV LANA and, although it shares limited sequence homology, has significant structural and functional similarities. Investigation of KSHV LANA has demonstrated that it is able to mediate KSHV episomal persistence by tethering the KSHV episome to host mitotic chromosomes via interactions with cellular chromosome-associated proteins. These include associations with core and linker histones, several bromodomain proteins, and the chromosome-associated proteins methyl CpG binding protein 2 (MeCP2) and DEK. Here we show that HVS ORF73 associates with MeCP2 via a 72-amino-acid domain within the ORF73 C terminus. Furthermore, we have assessed the functional significance of this interaction, using a variety of techniques including small hairpin RNA knockdown, and show that association between ORF73 and MeCP2 is essential for HVS chromosomal attachment and episomal persistence.
Herpesvirus saimiri (HVS) is the prototype gamma-2 herpesvirus in the Rhadinovirus genus and as such shares significant homology with the human gammaherpesviruses Kaposi's sarcoma-associated herpesvirus (KSHV) and Epstein-Barr virus (EBV) (2, 4, 34) . All gamma-2 herpesviruses share a colinear genomic organization, where homologous genes are found in similar locations and orientations. However, genes specific to each virus can be found interspersed throughout their respective genomes. The genomes of HVS and KSHV share particular similarity in that of the 81 open reading frames (ORFs) encoded by KSHV, at least 66 share significant homology with ORFs found within HVS (34) .
A characteristic possessed by all rhadinoviruses is their ability to cause a latent, persistent infection in lymphoid cell populations. In particular, HVS establishes an asymptomatic, lifelong infection in T cells of the squirrel monkey Saimiri sciureus. Throughout latent infection the virus is maintained in a dividing cell population as a high-copy-number circularized episome, without chromosome integration. To sustain a latent episomal infection in dividing cells, each gammaherpesvirus must retain the ability to replicate and faithfully segregate viral episomes to each progeny cell. For the gamma-2 herpesviruses, this is achieved through the expression of a limited subset of latency-associated genes. Analysis of HVS latent gene expression has shown that only three genes, ORF71, ORF72, and ORF73, are expressed during latency (19) . Each of these genes is also expressed during KSHV latency (16, 39) , and in both viruses, ORF71 and ORF72 encode cellular homologues of an antiapoptotic FLICE inhibitory protein (40) and a cyclin D homologue (11) , respectively. However, the ORF73 proteins in each virus have no known cellular homologues.
KSHV ORF73, which is often referred to as the latencyassociated nuclear antigen (LANA), shares limited sequence homology with HVS ORF73. However, the proteins encoded by the two genes possess significant structural similarity. Each protein contains a small N-terminal domain and a larger C terminus separated by a central, repetitive acidic region (20) . Most significantly, functional characterization of each protein has shown that they share several common features. First, in vitro immunofluorescent analysis of HVS ORF73 and KSHV LANA has demonstrated that each associates with host mitotic chromosomes during cell division (5, 9, 14, 41) . Furthermore, each protein has the ability to bind its respective viral episome through association with the viral terminal repeat (TR) domains (5, 12-14, 21, 41) . Specific interaction between KSHV LANA and the KSHV TR DNA has been shown to be mediated by a 13-to 20-bp imperfect palindrome located within nucleotides 603 to 622 of the TR sequence (6, 15) . Similarly, it has been suggested that HVS TR DNA contains two potential ORF73 binding sites, which possess 64% and 53% identity with the well-characterized KSHV TR binding sequences (41) .
Functional analysis of HVS episomal persistence using mutants lacking all latency-associated genes (i.e., ORF71, -72, and -73) demonstrated that these genes are required for the ability of HVS to sustain episomal maintenance (8) . Moreover, replacement of ORF73 alone rescued HVS episomal persistence to wild-type levels (8) . This clearly indicates that ORF73 is the only protein essential for the maintenance of HVS episomal persistence (8) . Hence, like EBV nuclear antigen-1 (EBNA-1) and KSHV LANA, HVS ORF73 is the key latency-associated protein, required for efficient long-term latent persistence.
Analysis of both KSHV LANA and EBNA-1 has shown that each protein is able to direct chromosomal colocalization through interactions with cellular chromosome-associated proteins (7, 14, 22, 26, 37, 38) . The amino terminus of the EBNA-1 protein, particularly two domains located between amino acids 40 and 89 and amino acids 328 and 377, has been shown to be responsible for its chromosome association (28) . Substantial evidence suggests that the EBNA-1 protein mediates chromosomal association via an interaction with the cellular nuclear protein EBP-2 (EBNA-1 binding protein 2) (23) (24) (25) 38) , although it has also been shown that the cellular DNA binding proteins HMGA1a and histone H1 can functionally replace the amino terminus of EBNA-1 (22, 35) .
Multiple interactions between KSHV LANA and chromosome-associated proteins have also been reported. Initially, Cotter and Robertson reported that LANA interacts with the linker histone H1 (14) . Shinohara et al. also demonstrated that an N-terminal deletion of LANA caused a loss of chromosomal association; however, replacement of this domain with histone H1 restored its ability to support KSHV episomal persistence (37) . In addition, recent analysis has shown that the N terminus of LANA is sufficient for docking onto chromosomes via an interaction with the folded region of the core histones H2A-H2B (7). However, evidence also suggests that interactions between the C terminus of LANA and cellular bromodomain-containing proteins also play a role in KSHV chromosomal association (32, 42, 45 (26) . DEK is a ubiquitous nuclear protein of approximately 43 kDa and has been found to be predominately associated with chromatin (43) . Likewise, MeCP2 is an abundant nuclear protein of approximately 75 to 80 kDa that preferentially binds to methylated CpG dinucleotides, although it has also been shown to posses AT hook binding domains (3, 27, 31) . Extensive research suggests that it plays a key role in the regulation of gene transcription, possibly through its ability to facilitate heterochromatin compaction (17, 30) .
Our studies suggest that HVS ORF73, like KSHV LANA, also binds to several chromosome-associated proteins, including histones and several members of the bromodomain protein family (unpublished data). However, in this report we demonstrate a specific association between HVS ORF73 and MeCP2, mediated through ORF73 C-terminal amino acids 324 to 395. Moreover, we have demonstrated, using a variety of functional assays, including small hairpin RNA (shRNA) knockdown, that this interaction is critical for the maintenance of latent HVS infection in a dividing cell population.
MATERIALS AND METHODS
Plasmid constructs. C-terminal ORF73 (ORF73C) was PCR amplified with primers pET1 and pET2 (see Fig. 3a and b) . These oligonucleotides incorporated BamHI and XhoI restriction sites, respectively, to assist cloning of the PCR product. PCR (35 cycles, where 1 cycle consists of 30 s at 94°C, 40 s at 54°C, and 40 s at 68°C) was performed using 2.5 U of Platinum Pfx DNA polymerase (Invitrogen). The product was inserted upstream and in frame of the histidinetagged ORF in the prokaryotic expression vector pET21(b) (Novagen) to produce pET21(b)-73C. The ORF73C deletion series was constructed using the primers detailed in Fig. 3b . Oligonucleotides labeled F1-F4 and R1-R3 incorporated EcoRI and XhoI restriction sites, respectively. PCR amplification and incorporation into pET21b were performed as described above, producing vectors pET21b-73C⌬1 through pET21b-73C⌬10.
The vector encoding an ORF73 C-terminal green fluorescent protein (GFP)-tagged fusion protein was constructed by PCR amplification (as described above) of ORF73C with primers incorporating SacI and KpnI restriction enzyme sites (5Ј-CGCGAGCTCGGACCAAGTACTCCACGTTTACCA-3Ј and 5Ј-CGGGG TACCTTCTATAGGCAGGCTTTTGCTAAA-3Ј). The PCR fragment was then cloned into the pEGFP-C3 vector (Clontech) in frame and downstream of the GFP gene.
The plasmid encoding FLAG-tagged MeCP2 (pFLAG-MeCP2) was kindly provided by D. Hayward (Johns Hopkins School of Medicine, Baltimore, MD). pFLAG-DEK was supplied by Gerard Grosveld (St. Jude Children's Research Hospital, Memphis, TN). pcDNA3.1-FLAG (Invitrogen) was used as an emptyvector negative control.
In order to select cells expressing MeCP2, the human MeCP2 sequence was PCR amplified from the pFLAG-MeCP2 vector using primers incorporating EcoRI and XbaI restriction enzyme sites (5Ј-CCGGAATTCAGTAGCTGGGA TGTTAGGGCT-3Ј and 5Ј-CTAGTCTAGATCAGCTAACTCTCTCGGTCA-3Ј). The MeCP2 sequence was then cloned into the neomycin-resistant mammalian expression vector pFLAG-CMV (Sigma) downstream and in frame of the FLAG tag sequence to produce pFLAG-neo-MeCP2.
Cell culture, transfection, and viruses. HeLa, 293T, NIH 3T3, SW480, and A549 cells were maintained in Dulbecco modified Eagle medium (GIBCO) supplemented with 10% fetal calf serum (FCS) and 5 U/ml of penicillin and streptomycin (Invitrogen). Cells were seeded at approximately 5 ϫ 10 5 per 35-mm-diameter petri dish 24 h prior to transfection. Transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol, with 4 g of the appropriate DNAs.
HVS-bacterial artificial chromosome (BAC)-GFP (strain A11) (titer, 1 ϫ 10 6 PFU/ml) was used throughout; its construction has been described previously (44) . Routinely, approximately 1 ϫ 10 6 cells of each type per 35-mm-diameter petri dish were infected with 1 ϫ 10 5 PFU/ml of HVS-BAC-GFP. The 293T persistently infected stable cell line (293T-HVS-GFP) was constructed by infection of 293T cells and selection of cells harboring HVS-BAC-GFP by using 50 g/ml hygromycin. Latently infected cells were maintained by regular passage for more than 8 weeks. Low-molecular-weight episomal DNA was extracted from the cells as previously described (44) . The DNA was subsequently transformed into electrocompetent Escherichia coli DH10B and plated onto LB agar plates containing 12.5 g/ml chloramphenicol.
The NIH-MeCP2 stable cell line was created by transfection of NIH 3T3 cells with the pFLAG-neo-MeCP2 vector. Cells expressing the neomycin resistance gene encoded by pFLAG-neo-MeCP2 were selected with 800 g/ml of Geneticin (Invitrogen). Selected cells were maintained for several weeks by routine passage. Expression of MeCP2 in the selected cells was confirmed by immunofluorescence microscopy using a monoclonal anti-FLAG primary antibody (Sigma), diluted 1:500.
Cell culture episomal maintenance assays. Infected SW480, NIH 3T3, and NIH-MeCP2 cells were maintained in 200 g/ml hygromycin for 24 h, followed by trypsinization and dilution to a cell density of approximately 1 ϫ 10 2 /ml (with hygromycin selection maintained as appropriate). 293T-HVS-GFP latently infected cells were maintained in 50 g/ml hygromycin and diluted to a cell density of approximately 5 ϫ 10 2 /ml. The cells were then seeded at a density of approximately 10 (SW480 and NIH 3T3) or 50 (293T-HVS-GFP and NIH-MeCP2) cells per single 6.4-mm-diameter well in a 96-well plate and incubated at 37°C under 5% CO 2 for 1 week. The plates were then analyzed for colony formation and scored as the percentage of wells positive for colony outgrowth. All assays were performed at least in duplicate.
In vitro binding analysis. pET21b-73C expression vectors were transformed into competent E. coli BL21 and grown in culture. Where appropriate, lysed cell extracts were treated with 4 U of DNase I (Sigma) per cell extract. To ensure efficient digestion of the cellular DNA, EDTA was omitted from the lysis buffer (see above) during DNase analysis. Each cell extract was subsequently incubated with bead-bound, purified ORF73C protein and washed three times with lysis buffer (including EDTA in all cases). The immobilized proteins were resolved on 9% SDS-polyacrylamide gels before being transferred to nitrocellulose membranes. Following transfer, the membranes were blocked in 2% (wt/vol) nonfat milk powder-0.1% Tween 20-phosphate-buffered saline (PBS) solution prior to incubation with a 1:1,000 dilution of the anti-FLAG antibody M2 (Sigma) and a 1:1,000 dilution of a horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody (DAKO). The nitrocellulose membranes were developed using electrochemiluminescent (ECL) detection reagents (Amersham). Complete DNA digestion with DNase I was confirmed by PCR analysis. Cell extracts that were either left untreated or treated with DNase I were used as templates in a PCR using primers directed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (primer 1, 5Ј-CC ACCCATGGCAAATTCCATGGCA; primer 2, 5Ј-TCTAGACGGCAGGTCA GGTCCACC).
Coimmunoprecipitation. Approximately 1 ϫ 10 7 293T cells were transfected with pEGFP-ORF73C and incubated for 36 h. The cells were then collected and lysed with 500 l of radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate, Complete protease inhibitors [Roche]). The cells were then precleared with protein A-agarose (GE Healthcare) prior to incubation with a polyclonal antiMeCP2 antibody (Abcam) for 2 h at 4°C. As a negative control, cell extracts were also incubated with a polyclonal anti-ORF57 antibody (as described by Goodwin et al. [18] ). In each case, the immunocomplex was captured using protein A-agarose before being washed in PBS and resuspended in lysis buffer. Each sample was then loaded onto a 10% SDS-polyacrylamide gel before being transferred to a nitrocellulose membrane. Following blocking with a 5% (wt/vol) nonfat milk powder-0.1% Tween 20-PBS solution, ORF73C protein precipitated in association with MeCP2 was detected with a monoclonal anti-GFP antibody (BD Living Colors, diluted 1:1,000). A HRP-conjugated anti-mouse secondary antibody (diluted 1:1,000; DAKO) was then detected using ECL detection reagents (Amersham).
Confocal microscopy. Approximately 5 ϫ 10
5 HeLa cells were cotransfected with pEGFP-ORF73 and pFLAG-MeCP2 expression plasmids as described above. Transfected cells were serum starved in a medium containing 2% FCS prior to induction of cell division by incubation with a medium containing 10% FCS. Induced cells were fixed with 4% formaldehyde and permeabilized with 0.5% Triton X-100. Fixed cells were labeled with a 1:1,000 dilution of a monoclonal anti-FLAG antibody (Sigma), followed by staining with a 1:250 dilution of Texas red-conjugated anti-mouse immunoglobulin G, allowing visualization of the FLAG-MeCP2 fusion proteins. Cellular DNA was identified by staining fixed cells with 0.1 M TO-PRO-3 iodide (Molecular Probes). Prepared slides were visualized on an upright Zeiss LSM 510 Meta confocal microscope system.
Reverse transcription-PCR (RT-PCR) analysis. Total RNA was prepared from SW480, A549, and NIH 3T3 cells using TRIzol purification (Invitrogen) according to the manufacturer's instructions. The RNA was reverse transcribed by Superscript III reverse transcriptase (Invitrogen) for 1 h at 50°C using an oligo(dT) primer. cDNA was amplified by PCR primers directed against GAPDH (described above) and MeCP2 (primer 1, 5Ј-GGGATGTTAGGGCT CAGGGA; primer 2, 5Ј-AACCTTCAGGCAAGGTGGGG). MeCP2 primers were specifically designed to recognize sequences homologous to mice and humans.
shRNA knockdown of MeCP2 expression in 293T-HSV-GFP latently infected cells. 293T-HVS-GFP latently infected cells were transfected with shRNA vectors (Invivogen) directed against MeCP2 (psiRNA-MeCP2-custom.gcc) and luciferase protein (psiRNA-LucGL3-custom) as a negative control. Each vector also encoded a zeocin resistance gene. Following transfection, all cells were treated with 150 g/ml of zeocin (Invitrogen) and incubated for 24, 48, and 72 h, at which time the cells were harvested and cell pellets frozen at Ϫ20°C. Cell pellets were resuspended in lysis buffer and loaded in duplicate onto 9% SDSpolyacrylamide gels. Following transfer to nitrocellulose membranes and blocking with a 5% (wt/vol) nonfat milk powder-0.1% Tween 20-PBS solution, alternative gels were incubated with either an anti-MeCP2 (Abcam) or an anti-GAPDH (Biodesign) antibody and then incubated with HRP-conjugated rabbit or mouse secondary antibodies (diluted 1:1,000; DAKO) before visualization with ECL detection reagents (Amersham). Cells treated with each shRNA vector were also plated onto 96-well microtiter plates at 0 and 72 h posttransfection for episomal maintenance analysis as described above.
RESULTS

ORF73C interacts with MeCP2 but not DEK.
We and others have previously demonstrated that ORF73 is essential and sufficient for HVS latent episomal persistence (8, 12, 13, 41) . Furthermore, ORF73C has been shown to colocalize with host The ORF73C-conjugated beads were then incubated with HeLa cell extracts previously transfected with a plasmid expressing an empty FLAG vector (Ϫve), FLAG-tagged DEK, or FLAG-tagged MeCP2. Proteins attached to the ORF73C-conjugated beads were analyzed by Western blotting using a monoclonal anti-FLAG antibody as a primary antibody. Total-cell extracts representing 5% of total input were run as positive controls (ϩve).
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on January 15, 2018 by guest http://jvi.asm.org/ mitotic chromosomes during cell division (9, 41) . The structural and functional similarities between HVS ORF73 and KSHV LANA led us to postulate that an analogous mechanism of chromosomal association may be used by these virus proteins. Data suggest that KSHV LANA interacts with multiple chromosome-associated proteins (7, 14, 26, 37) . These include the cellular chromosome-associated proteins MeCP2 and DEK (26) . Therefore, we set out to assess if HVS ORF73C also associated with these cellular proteins and, moreover; whether they are required for HVS episomal persistence. Initially, HVS ORF73C (amino acids 241 to 407) was cloned into a bacterial expression vector in frame with a histidine epitope tag, producing pET21b-73C. The histidine-tagged ORF73C protein was subsequently expressed and bound to nickel-conjugated agarose beads (Fig. 1a) . FLAG epitopetagged DEK and MeCP2 proteins were expressed in HeLa cells and the cell extracts incubated with the ORF73C-conjugated beads. After washing, proteins bound to the ORF73C-conjugated beads were separated by SDS-PAGE and detected by Western blotting using an anti-FLAG antibody. The results indicate that DEK does not associate with ORF73C (Fig. 1bi) . In contrast, repeated analysis indicates that ORF73C specifically bound the chromosomal protein MeCP2 (Fig. 1bii) .
Confirmation of ORF73C and MeCP2 interaction using in vivo coimmunoprecipitation. To confirm the interaction between ORF73C and MeCP2, in vivo coimmunoprecipitation was performed using an antibody directed against endogenous MeCP2. In order to allow detection of ORF73C, 293T cells were transfected with a vector expressing ORF73C as a GFPtagged fusion protein (pEGFP-73C). An empty GFP vector (pEGFP-C3) was also transfected as a negative control. An anti-MeCP2 antibody was then used to immunoprecipitate MeCP2 protein, and an interaction with ORF73C was detected by Western blotting with an anti-GFP antibody (Fig. 2a) . ORF73C was clearly coimmunoprecipitated in association with MeCP2; however, to ensure that this interaction was specific, the assay was repeated using an unrelated polyclonal antibody directed against HVS ORF57 (Fig. 2b) . ORF73C-GFP was not immunoprecipitated by the anti-ORF57 antibody, confirming that the previously observed in vitro interaction between MeCP2 and ORF73C also occurs in vivo.
Mapping of the ORF73C domain responsible for association with MeCP2. To map the domain within ORF73C required for association with MeCP2, a series of ORF73C deletions were cloned and expressed as recombinant histidine-tagged proteins (Fig. 3) . Previous analysis using confocal microscopy suggested that removal of the first 62 amino acids of ORF73C (up to and including chromosomal association site 1 [CAS 1]) or 12 amino acids from the C terminus (CAS 2) (Fig. 3 ) results in loss of ORF73C chromosomal colocalization (9) . Therefore, to assess if deletion of these ORF73C regions also results in loss of ORF73C-MeCP2 association, similar deletion constructs were expressed as histidine-tagged recombinant proteins (Fig. 4ai) and used in the in vitro binding analysis as described above. Analysis by Western blotting indicated that each of the truncated proteins retains the ability to interact with MeCP2 (Fig.  4aii) .
Subsequently, further deletion constructs were designed to identify the minimal ORF73C domain required for association with MeCP2 (Fig. 3) . Each deletion construct was expressed as a recombinant histidine-tagged protein, although, as shown in Fig. 3 , several of the proteins were insoluble and could not be used in the assay. However, in vitro binding analysis using the remaining soluble proteins demonstrated that ORF73C amino acids 324 to 395 (i.e., deletion protein 73C⌬4) are sufficient for MeCP2 binding (Fig. 4bii and cii) .
ORF73 and MeCP2 interact in the absence of DNA. To ensure that the interaction between ORF73 and MeCP2 was not due to a common affinity for DNA, in vitro binding assays as described above were repeated following treatment of the mammalian cell extracts with DNase I. To confirm that DNase I treatment had been successful, treated and untreated cell extracts were used as templates in a PCR utilizing primers directed against the housekeeping gene encoding GAPDH. This analysis clearly demonstrated that complete digestion of cellular DNA had occurred following addition of DNase I (Fig.   FIG. 2 . ORF73C is coimmunoprecipitated with MeCP2 in vivo. (a) 293T cells were transfected with a vector expressing the ORF73C-GFP fusion protein (pORF73C-GFP) and an empty EGFP vector (pEGFP). Cells were harvested, lysed, and incubated with or without a polyclonal anti-MeCP2 antibody (Ab). Immunocomplexes were captured using protein A agarose, washed, and separated on an SDS-PAGE gel. Analysis by Western blotting using an anti-GFP antibody indicates that ORF73C is immunoprecipitated in association with MeCP2. (b) To ensure that ORF73C is specifically immunoprecipitated by the anti-MeCP2 antibody, the immunoprecipitation was repeated using an alternative polyclonal antibody directed against HVS ORF57. Following Western blotting with an anti-GFP antibody, no interaction was observed, indicating that ORF73C is specifically immunoprecipitated in association with MeCP2. For both panels, 10% of the pORF73C-GFP and pEGFP total-cell extract was run as a positive control.
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on January 15, 2018 by guest http://jvi.asm.org/ 4diii, compare lanes 1 and 2). Subsequently, the treated cell extracts were incubated with ORF73C-conjugated agarose beads, washed, and analyzed by Western blotting using an anti-FLAG antibody. As Fig. 4dii shows, digestion of cellular DNA had no effect on ORF73C-MeCP2 binding, confirming that their association is mediated by a direct protein-protein interaction.
ORF73 colocalizes with MeCP2 on mitotic chromosomes.
To analyze the cellular localization of ORF73 and MeCP2, indirect immunofluorescence was utilized. HeLa cells were transfected with ORF73-GFP and MeCP2-FLAG expression constructs and after 24 h were induced into mitosis by the addition of 10% serum following overnight serum starvation. The cells were then fixed and observed using laser scanning In vitro binding assays using ORF73 C-terminal deletion proteins (a, b, and c) and DNase I-treated cellular extracts (d). pET21b-73C deletion proteins were expressed and bound to nickel-agarose beads (ai, bi, ci, and di) prior to incubation with HeLa cell extracts previously transfected with pFLAG-MeCP2 or an empty FLAG vector (pcDNA3.1-FLAG). Proteins associated with ORF73C-conjugated beads were analyzed by Western blotting using an anti-FLAG primary antibody (aii, bii, cii, and dii). Deletion analyses shown in panels aii, bii, and cii indicate that only full-length 73C and deletion proteins through 73C⌬4 are able to associate with MeCP2. Five to 10% of total pFLAG-MeCP2 and pcDNA3.1-FLAG cell lysates was run as a positive control where shown. Note that a small amount of MeCP2 lysate control has spilled over in the input lanes of cii; MeCP2 is not expressed in the empty FLAG control. PCR analysis using primers directed against GAPDH indicates that DNase I treatment has successfully digested cellular DNA in the treated cell extracts (diii). Panel dii demonstrates that DNase I treatment does not affect the ability of ORF73C and MeCP2 to associate, indicating that the interaction is not dependent on the presence of cellular DNA. confocal microscopy. Examples of mitotic cells in the metaphase and telophase stages of division, stained with TO-PRO-3 iodide nucleic acid stain, are shown in Fig. 5a and b, respectively. HVS ORF73 was directly visualized using GFP fluorescence ( Fig. 5aiii and biii) , and MeCP2 was identified using anti-FLAG and Texas red antibodies ( Fig. 5aiv and biv) . Overlay of these images suggests that ORF73 and MeCP2 are bound to similar regions on the mitotic chromosomes, consistent with their association during cell division ( Fig. 5av and bv) .
MeCP2 expression is required for HVS episomal persistence. During investigation of the association of KSHV with MeCP2, Krithivas et al. noted that GFP-LANA did not associate with NIH 3T3 mouse chromosomes; however, association was restored upon heterologous expression of human MeCP2 (26) . They postulated that the lack of association could be due to poor expression of MeCP2 in NIH 3T3 cells, or that LANA attaches to MeCP2 through nonconserved regions in the MeCP2 murine and human homologues (sequence analysis indicates 71% homology). To assess the level of MeCP2 expression in NIH 3T3 cells, RT-PCR analysis was performed using primers directed against MeCP2. Analysis confirmed that MeCP2 is at best poorly expressed in NIH 3T3 cells compared with SW480 and A549 human carcinoma epithelial cells, which are known to support HVS episomal persistence (Fig. 6a, lanes  10 to 12) .
Therefore, the abilities of HVS to persist episomally in NIH 3T3 (low-MeCP2-expressing) and SW480 (high-MeCP2-expressing) cells were compared using cell culture maintenance assays. HVS-BAC-GFP, previously engineered to constitutively express the enhanced green fluorescent protein (EGFP) as well as a hygromycin resistance gene (44) , was used to infect SW480 and NIH 3T3 cells. Following successful infection of both cell types (data not shown), the ability of each cell type to maintain the virus was analyzed by plating the infected cells on a 96-well microtiter plate. Following incubation under hygromycin selection, the numbers of wells positive for hygromycinresistant colony outgrowth were quantified and compared (Fig.  6bii) . To ensure that the results generated were due solely to the lack of HVS episomal persistence, cells were also incubated in the absence of virus selection (Fig. 6bi) . Figure 6b demonstrates that although both cell types are able to form colonies when infected without hygromycin selection, only SW480 cells are able to maintain the HVS episome when viral persistence is selected for by using hygromycin.
To ensure that the inability of NIH 3T3 cells to maintain HVS episomal persistence was a consequence of low MeCP2 expression, NIH 3T3 cells were transfected with a plasmid expressing human MeCP2, and a stable cell line was produced. Analysis by immunofluorescent microscopy confirmed that approximately 50 to 60% of the NIH-MeCP2 cell line expressed high levels of heterologous MeCP2 (Fig. 6ci) . Subsequently the ability of the NIH-MeCP2 cells to maintain HVS episomal persistence was compared with that of native NIH 3T3 cells by cell culture maintenance assays, as described above. Following successful infection of both the NIH 3T3 and NIH-MeCP2 cells with HVS-BAC-GFP, the cells were plated into 96-well plates in the presence of hygromycin selection. As shown in Fig. 6cii , stable expression of human MeCP2 in the NIH 3T3 cell line resulted in a statistically significant increase in hygromycin-resistant colony formation. These results confirm that low expression of MeCP2 significantly hinders HVS episomal persistence in dividing cells.
shRNA knockdown of MeCP2 expression inhibits HVS episomal persistence in a cell line latently infected with HVS. Although KSHV LANA and MeCP2 have been shown to interact and this interaction was suggested to be important for episomal persistence, no MeCP2 depletion assay was performed to confirm the requirement for MeCP2. Therefore, to truly assess the importance of MeCP2 to HVS episomal persistence, we used shRNA to knock down MeCP2 expression in a latently infected cell line. 293T cells were infected with HVS-BAC-GFP, which constitutively expresses the genes encoding GFP as well as chloramphenicol and hygromycin resistance (Fig. 7a) . Infected cells were selected using 50 g/ml of hygromycin and maintained for more than 8 weeks in cell culture. As shown with other latently HVS infected cell lines, to ensure that the HVS genome was maintained in the 293T cells as a nonintegrated episome; episome recovery assays were performed as previously described (44) . Low-molecular-weight DNA was extracted from the cells and transformed into electrocompetent E. coli DH10B. Following transformation, colonies were found on LB plates containing chloramphenicol, indicating that recovery of circularized HVS episomal DNA had been successful. This confirms that HVS is maintained as a nonintegrated latent episome in the 293T-HVS-GFP cells.
The latently infected 293T-HVS-GFP cells were subsequently transfected with a vector encoding shRNA targeted against MeCP2. To ensure that specific knockdown of MeCP2 had occurred, we also transfected the 293T-HVS-GFP cells with a vector containing shRNA directed against luciferase. Cells successfully transfected with each shRNA vector were selected for using zeocin and subsequently incubated for 0, 24, 48, and 72 h. Following incubation, the cells were harvested and MeCP2 protein expression analyzed by Western blotting using antibodies directed against MeCP2, as well as GAPDH as a loading control. As shown in Fig. 7b , specific knockdown of MeCP2 was achieved at 48 and 72 h posttransfection, in contrast to the control vector. Once MeCP2 knockdown had been confirmed, cells transfected with both control luciferase shRNA and MeCP2 shRNA were analyzed by a colony formation assay at 0 and 72 h after transfection of the shRNA vectors. To ensure that any reduction in colony formation was not due to inhibition of cell growth following transfection with the shRNA vectors, the 96-well colony-forming assay was performed without virus selection using hygromycin. As shown in Fig. 7ci , shRNA treatment did not inhibit 293T-HVS-GFP colony formation. However, in the presence of virus selection, loss of MeCP2 expression in the 293T-HVS-GFP latently infected cells significantly inhibited HVS episomal persistence. This is illustrated in Fig. 7cii , where a dramatic decrease in the number of wells containing hygromycin-resistant colonies was seen 72 h after transfection of the MeCP2 shRNA. These data confirm the importance of MeCP2 to HVS latent episomal persistence.
DISCUSSION
Maintenance of the HVS episome during the latent phase of the virus life cycle is fundamental to its ability to persist in a dividing cell population. We have previously shown that ORF73 is the sole viral gene required for HVS episomal persistence (8) and as such is functionally analogous to the related gammaherpesvirus genes encoding EBNA-1 and KSHV LANA. Furthermore, similarities between the genomic locations and protein structures of KSHV LANA and HVS ORF73, as well as their significant functional similarities, led us to postulate that these proteins may mediate episomal persistence by similar mechanisms. Both KSHV LANA and HVS ORF73 have been shown to colocalize with host mitotic chromosomes (5, 9, 14, 41), as well as possessing an ability to bind their respective episomal genomes via the TR DNA (5, 12-14, 21, 41) . Hence, both proteins are thought to mediate latent persistence in a dividing cell population by tethering the virus episome to host mitotic chromosomes; ensuring that the virus genome is carried to each daughter cell. Following these observations, we set out to determine the mechanism by which HVS is able to attach itself to the host chromosome during cell division.
To date, KSHV LANA has been shown to interact with multiple cellular proteins, including several host chromosomeassociated proteins, proposed to mediate its chromosomal localization. These include components of the nucleosome complex (i.e., histones H2A-H2B) as well as the linker histone H1 and, most recently, the bromodomain protein Brd4 (7, 14, 32, 37, 45) . Additionally, Krithivas et al. demonstrated that the chromosome-associated proteins DEK and MeCP2 were able to target KSHV LANA to cellular chromosomes (26) . Due to the distinct similarities between KSHV LANA and HVS ORF73, we are currently investigating whether HVS ORF73 uses similar protein interactions to mediate chromosomal association. Preliminary data suggest that HVS ORF73 also interacts with multiple host chromosome-associated proteins, and our investigations of these interactions are currently ongoing. Here, however, we have presented data demonstrating an interaction between ORF73C and the cellular protein MeCP2 as well as the functional significance of this interaction to the HVS latent state. This is the first time that depletion of MeCP2 by shRNA knockdown has shown that MeCP2 is essential for episome persistence of a gamma-2 herpesvirus.
Previous immunofluorescent analysis of ORF73 chromosomal colocalization demonstrated that the C terminus is sufficient for its chromosome association (9) . Therefore, we used ORF73C to identify possible interactions with chromosomeassociated proteins. We were able to demonstrate by a variety of assays that HVS ORF73C associates with MeCP2 via a direct protein-protein interaction, which occurs both in vitro and in vivo. Furthermore, deletion analysis of ORF73C demonstrated that a 72-amino-acid domain toward the C terminus of the protein (amino acids 324 to 395) is sufficient for MeCP2 association. A significant finding during this deletion analysis was that removal of the previously defined CASs (CAS 1 and CAS 2) had no effect on ORF73C-MeCP2 association. Previous analysis of the CAS 1 domain suggested that it contains a chromatin binding motif made up of a proline followed by two lysines (PKK) (9) . A similar motif is also found within the DNA binding domains of the histone H1 and H2 proteins, as well as within a number of herpesvirus ORF73 homologues and EBP-2 (9). Mutation of the CAS1 PKK domain resulted in loss of ORF73 chromosome association, suggesting that this shown that loss of CAS 2 (but not CAS 1) correlated with loss of ORF73 self-association as well as chromosome localization, suggesting that ORF73 multimerization is required for chromosomal tethering (9) . Therefore, although these domains were not required for the interaction of ORF73 with MeCP2, it is possible that the CAS 1 and CAS 2 domains may have a role in assisting ORF73 chromosomal association throughout its latent phase. MeCP2 is a ubiquitously expressed nuclear protein whose abundant chromosomal localization is mediated through its high affinity for methylated CpG dinucleotides (31) . A typical diploid nucleus contains approximately 10 7 methyl-CpGs, while quantitative Western blotting suggests that there are approxi- (ii) In the presence of virus selection, inhibition of MeCP2 expression in the 293T-HVS-GFP latently infected cells correlates with a substantial decrease in episomal colony formation in a 96-well episomal persistence assay. mately 10 6 molecules of MeCP2 per nucleus (30) , theoretically allowing every MeCP2 molecule to bind to the chromosome. Although the structure and composition of eukaryotic heterochromatin have yet to be fully understood, it is clear that chromosome-associated proteins play a vital role in the continual and essential modification of the chromosomal environment. Due to the requirement for constant modification, it is not surprising that the majority of chromosome-associated proteins are in a dynamic state of chromosome association and dissociation (1, 33) . For example, MeCP2 can displace histone H1 in a Xenopus oocyte extract (30) , and it has been shown that MeCP2 and histone H1 bind to chromatin via similar mechanisms (10). However, it was also noted that the ability of MeCP2 to compete with histone H1 chromosome localization ceased after approximately 40% of resident histone H1 had been replaced (30) . This suggests that although these proteins bind to similar locations within chromatin, each has sufficient binding opportunities to maintain abundant and constant association with heterochromatin. Therefore, an ability to bind to an abundant and tightly associated chromosomal protein, such as MeCP2, would assist HVS chromosome association in the dynamic chromosomal environment throughout cell division.
Investigation of the related gammaherpesvirus latency-associated protein EBNA-1 primarily implicates the cellular protein EBP-2 in EBNA-1 chromosome association (38) . The amino terminus of EBNA-1 is sufficient for its chromosomal localization, and two domains have been identified as responsible for this interaction (amino acids 33 to 89 and 328 to 378) (29) . Although interaction with EBP-2 is clearly important to EBNA-1 chromosome association, it has also been shown that the amino-terminal domain of EBNA-1 can be functionally replaced by the cellular DNA binding proteins HMGA1a and histone H1 (22, 35) . Interestingly, Sears et al. suggest that in addition to EBP-2 binding, EBNA-1 may also possess intrinsic DNA binding activity mediated by AT hook binding domains akin to those found in cellular DNA binding proteins (36) . This is particularly noteworthy in the context of our study, since MeCP2 also contains an AT hook DNA binding domain (3) .
Although the association of HVS ORF73 with MeCP2 has been clearly identified, it is evident that gammaherpesvirus chromosome attachment is likely to be facilitated by several alternative interactions. This leads to the question, what is the functional significance of ORF73's association with MeCP2? Here we demonstrate that although MeCP2 may not be the sole target to which ORF73 binds, the interaction between ORF73 and MeCP2 is essential for HVS episomal persistence. Initially we investigated the ability of HVS to persist in the low-MeCP2-expressing cell line NIH 3T3. Previous investigation of KSHV LANA chromosome association suggested that NIH 3T3 cells do not express a sufficient concentration of MeCP2 to enable LANA chromosomal association (26) . We were able to confirm this observation following RT-PCR analysis of MeCP2 expression in NIH 3T3 cells compared with that in two cell lines known to support HVS episomal persistence. The data clearly indicated that NIH 3T3 cells expressed undetectable levels of MeCP2 compared with both SW480 and A549 cells, confirming that NIH 3T3 cells provide a good in vitro model for study of the role of HVS ORF73C-MeCP2 association. Previous analysis of HVS episomal persistence by a colony maintenance assay with the human carcinoma epithelial cell line SW480 has shown that this protocol provides a consistent and reliable method, which can be used to assess the ability of HVS to persist episomally (8) . Therefore, the abilities of wild-type HVS to persist in NIH 3T3 (low-MeCP2-expressing) and SW480 (high-MeCP2-expressing) cells were compared using this assay. Our results indicate that the lowMeCP2-expressing NIH 3T3 cells were unable to maintain viral persistence when virus-infected cells were selected with hygromycin. Additionally, overexpression of MeCP2 in NIH 3T3 cells rescued episomal persistence and resulted in a significant increase in hygromycin-resistant colony formation. Since immunofluorescent microscopy indicated that only 50 to 60% of the stable NIH-MeCP2 cells successfully expressed heterologous MeCP2, these results strongly suggest that expression of MeCP2 is critical to HVS episomal persistence.
Although studies with NIH 3T3 cells indicate that low expression of MeCP2 hinders HVS episomal persistence, it is also possible that further differences in these cells may contribute to the inability of HVS to persist. Therefore, to conclusively prove that the interaction of ORF73 with MeCP2 was vital to HVS episomal persistence, we used shRNA to specifically reduce MeCP2 expression in a latently infected cell line. Upon successful knockdown of MeCP2 expression in the 293T-HVS-GFP latently infected cells, episomal persistence was drastically reduced under selective conditions. This indicates that in the absence of MeCP2 expression, the latently infected cells were unable to retain the virus episome and hence lost hygromycin resistance as the cells divided. Therefore, we believe that the association of ORF73 with MeCP2 is essential to the maintenance of HVS episomes in a dividing cell population. Although the specific role of MeCP2 has not been addressed in this article, the similar localizations of MeCP2 and ORF73 on mitotic chromosomes suggested that MeCP2 may contribute to the chromosomal attachment of ORF73. We have attempted to investigate this hypothesis further by assessing the localization of ORF73 in NIH 3T3 versus NIH-MeCP2 cells; however, no differences were observed. This leads to the possibility that other interactions are involved in chromosomal attachment and that the MeCP2 interaction may have an enhancing or stabilizing effect which is essential for the long-term persistence of the episome.
Therefore, in summary, while we do not exclude the possibility that HVS uses multiple interactions to secure lifelong latent infection, the data we present here have clearly demonstrated that HVS episomal persistence is functionally dependent on the interaction between ORF73 C-terminal amino acids 324 to 395 and the cellular chromosome-associated protein MeCP2.
